We search Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) and Wide Field Camera 3 (WFC3) broadband imaging data from the Panchromatic Hubble Andromeda Treasury (PHAT) survey to identify detections of cataloged planetary nebulae (PNe). Of the 711 PNe currently in the literature within the PHAT footprint, we find 467 detected in the broadband. For these 467 we are able to refine their astrometric accuracy from ∼0. ′′ 3 to 0. ′′ 05. Using the resolution of HST, we are able to show that 152 objects currently in the catalogs are definitively not PNe, and we show that 32 objects thought to be extended in ground-based images are actually point-like and therefore good PN candidates. We also find one PN candidate that is marginally resolved. If this is a PN, it is up to 0.7 pc in diameter. With our new photometric data, we develop a method of measuring the level of excitation in individual PNe by comparing broadband and narrowband imaging and describe the effects of excitation on a PN's photometric signature. Using the photometric properties of the known PNe in the PHAT catalogs, we search for more PN, but do not find any new candidates, suggesting that ground-based emission-line surveys are complete in the PHAT footprint to F 475W ≃ 24.
Introduction
As the nearest large spiral galaxy, M31 offers a unique opportunity to study planetary nebulae (PNe) on a galactic scale. Stars born with masses between 0.8-8 M ⊙ will likely go through a planetary nebula phase, making PNe good tracers of old stellar populations. Due to the short time scales between the AGB and PN phases, the distribution and kinematics of PNe are expected to be identical to their parent population. Studying PNe as a population provides insight into galactic structure and evolution. Understanding their evolution individually can provide insight into PN structure, formation, and enrichment of the interstellar medium and provide constraints for future PN evolutionary models. Studying PNe has the additional benefit of ease of detection and classification due to their strong emission features and unique spectra. Further, the population of PNe in M31 all lie at the same distance, making it possible to directly relate the luminosity and emission of a large and diverse sample of PNe.
Previous surveys have identified and studied thousands of PNe throughout the disk and bulge of M31 (Ciardullo et al. 1989; Hurley-Keller et al. 2004; Halliday et al. 2006; Merrett et al. 2006) . Recent spectroscopic studies have begun to dig deeper into their physical properties (Kwitter et al. 2012; Sanders et al. 2012) . The largest survey of M31 PNe to date is a deep kinematic survey performed by Merrett et al. (2006) (hereafter M06) using the purpose-built Planetary Nebula Spectrograph (Douglas et al. 2002) , which can simultaneously detect PNe and measure their radial velocities. M06 identified 3300 emission-line objects in M31, of which 2615 are likely to be PNe.
Single-purpose spectroscopic surveys are very useful for studying the properties of individual PNe, but can be time consuming and costly. In contrast, multi-purpose photometric surveys can offer substantial, albeit less detailed, information about previously discovered PNe without the need for additional observations and can even be used to identify previously undiscovered PNe (Kniazev et al. 2014) . Broad spectral coverage allows one to probe large spans of the spectral energy distributions of PNe and can be used in concert with spectroscopic surveys to calibrate photometric data for the study of PN emission. Although this photometric information alone is not as detailed as spectroscopic data, it is sufficient to place broad constraints on the properties of the overall strength of the PN's emission lines and underlying stellar continuum for much larger populations than are accessible spectroscopically.
PNe are typically identified by searching for objects with bright [O III] λ5007 lines. Traditional large area surveys use the difference of on-and off-band narrowband photometry to select PN candidates which are then followed up spectroscopically to exclude H II regions and Wolf-Rayet stars, which also emit strong [O III] lines. Ground based spectroscopy is limited to only the brightest PNe and restricted by atmospheric windows. For the M06 survey, spectroscopic follow up was replaced by cuts of extended objects and objects with low F 5007 /F Hα ratios measured from narrowband imaging from the Local Group Survey (LGS) (Massey et al. 2006) . While this method provided a deeper and larger survey without the need for spectroscopic follow-up, it is also subject to more contamination. High resolution imaging provides a cleaner view of the sources of the [O III] emission, improving rejection of non-PN sources, particularly extended H II regions which are the dominant contaminating object in PN surveys.
In Section 2 of this paper we describe how we identified PNe in the PHAT catalog by crossidentification with M06. In Section 3 we present the PHAT PNe Catalog and characterize basic UV, optical, and NIR photometric properties of PNe. We discuss our results in Section 4 and summarize them in Section 5.
Data Acquisition and Analysis

The Panchromatic Hubble Andromeda Treasury
The Panchromatic Hubble Andromeda Treasury (PHAT) is a Hubble Space Telescope (HST) multi cycle imaging survey covering roughly 1/3 of M31's star forming disk out to 20 kpc (Dalcanton et al. 2012) . Observations were made with HST using the Advanced Camera for Surveys (ACS) and Wide Field Camera 3 (WFC3) with six filters spanning the ultraviolet (WFC3/UVIS F275W and F336W), the optical (ACS/WFC F475W and F814W), and the near-infrared (WFC3/IR F110W and F160W). All data files are publicly available and described at http://archive.stsci.edu/prepds/phat/. For full details of the data acquisition and analysis, see Dalcanton et al. (2012) .
Briefly, photometry was reduced using the DOLPHOT 1.2 (Dolphin 2000) software package which uses iterative point spread function (PSF)-fitting photometry on neighbor-subtracted images to fit the sky and PSF simultaneously. This process is done for each peak in a stack of images across different filters of the same camera. DOLPHOT aligns each image in a stack using hundreds to thousands of bright stars in the field to achieve the precise alignment needed for its photometric processing. Further internal astrometric alignment was performed for each camera. The cameras were then aligned with each other and with a global reference frame. The reference frame was provided by archival i ′ data from MegaCam CFHT. The error in ACS/WFC to CFHT alignment is 0. ′′ 05 and the relative error in alignment across the three cameras is 0. ′′ 01. Cross identification with M06 is therefore limited by the astrometric accuracy of M06 -reported to be 0. ′′ 34 and 0. ′′ 16 in RA and Dec respectively.
We avoided restricting our search to the PHAT point source catalogs. Rather, we cross identified PNe using the ACS "*.phot" files produced by DOLPHOT. We used these raw DOLPHOT output files which contain sources that may poorly fit the PSF so as not to exclude any extended PNe.
PHAT is a multi-release program that is still in progress. This paper covers only the PHAT data available at the time the work for this paper was done. PHAT consists of a total of 23 bricks, each containing 18 HST pointings. This paper covers only Bricks 2, 4, 5, 6, 8, 9, 12, 14, 15, 16, 17, 18, 19, 21, 22, and 23 . Brick 1 was excluded from this paper, though currently available, due to heavy crowding effects that made it difficult to identify PNe in the inner regions of M31.
Identifying PNe in PHAT
All PNe analyzed in this paper were originally identified as part of the M06 deep kinematic survey of M31, which covered M31's disk out to a radius of 2 • (27.4 kpc). M06 identified 2615 likely PNe down to a reported completeness of m5007 ≃ 23.75 for the [O III] λ5007 line. Of these 2615, 711 are in the current PHAT footprint. Individual PN candidates have reported uncertainties in their m5007 measurements of 0.07 mag and in their RA and Dec measurements of 0. ′′ 34 and 0. ′′ 16 respectively. We cross identified sources in the M06 catalog with photometric data from PHAT. Figure 1 shows throughput curves for each of the PHAT filters overlaid on a model PN spectrum. The bandpasses of the two UV filters, F275W and F336W, overlie many weak emission lines together with a significant stellar and nebular continuum (see Bianchi et al. 1997) . The majority of nebular emission line flux falls under the bandpass of the F475W filter, namely the strong emission lines:
PNe in the PHAT filters
, Hβ, and Hγ. Therefore, F475W flux is due largely to nebular emission lines. The F814W bandpass overlies a few weak emission lines, though the majority of flux in F814W is likely due to stellar and Paschen continuum. A few weak emission lines also fall under the F110W bandpass, which could have a significant or dominant contribution to the total flux given the weaker underlying stellar continuum in the NIR. Flux in F160W, however, is most likely entirely due to continuum from the central star as there are no emission lines that could have a significant contribution to the total F160W flux. Table 1 lists likely main contributors of PNe flux in each of the PHAT filters.
The vast majority of PN emission line flux within the PHAT spectral range falls in the F475W bandpass. Thus, most PNe have unusual colors, particularly in three-color images where F475W drives the green channel. Figure 2 shows F814W:F475W:F336W R:G:B images in which PNe appear anomalously blue-green, making them easy to visually differentiate from surrounding stars. We generated equivalent images for all the PHAT data and used them to visually identify PNe, as described in the following section.
PHAT Astrometry and Photometry
To assess the relative positional accuracy of the M06 and PHAT catalogs, we performed an initial visual search for anomalously blue-green objects within 3 times the 1σ uncertainties of the M06 reported positions. We found likely optical counterparts as far as 2 ′′ from their cataloged position. We therefore adopted 3 ′′ (11 pc at the distance of M31) as a search radius.
There are, on average, ∼600 objects in PHAT within 3 ′′ of an M06 PN location. We, therefore, require additional constraints to identify the PHAT counterpart. We first take advantage of the fact that there is a strong linear relation between the quoted M06 m5007 magnitude and the PHAT F475W magnitude, since the majority of F475W flux is due to the [O III] λ5007 line. We show this relation in Figure 3 for the final catalog. A linear fit to this relation finds F 475W = −0.2240 + 1.0187 × m5007. In addition to magnitude, we also considered cross-identifying sources based on optical color, positional offset from M06, and the "sharpness" and "roundness" of the PSF. The most distinguishing identification parameters were optical color and the expected F475W magnitude estimated from the M06 m5007 magnitude. The round and sharp PSF values from PHAT's photometry were used mainly to weed out artifacts and spurious objects such as cosmic rays from the uncut "*.phot" files.
To automatically select candidates on the basis of the above parameters, we used an initial training set of visually identified PNe. We calculated the average value and 1σ spread of each identification parameter (expected F475W, optical color, positional offset from M06, sharpness, and roundness). For each object in PHAT within 3 ′′ of an M06 PN location, the differences between the training set's and the object's parameter values were normalized by the 1σ spreads of the parameter values and then averaged over all parameters giving double the weight to the optical color and estimated F475W magnitude. The resulting value, noted as z P N , is the object's standard score of the deviation from typical PNe identified in PHAT. Objects with z P N < 1 are highly probable PN candidates. Objects with z P N < 1.5 are probable PN candidates. Objects with z P N < 3 are possible PN candidates. Eqs. 1 and 2 define z P N where, for parameter x, x obj is the object's value,x P N is the training set's average value, and σ x P N is the 1σ spread.
We attempted to identify new PNe in M31 using the optical color and F475W magnitude space occupied by the M06 PNe. We looked for [O III] emission in the LGS [O III] images (Massey et al. 2006) to confirm these candidate PNe. None of these candidates had measurable [O III] emission. Therefore, this attempt did not result in the identification of any new PNe, suggesting M06 is complete to the LGS [O III] detection limit. An earlier attempt to photometrically identify new PNe in PHAT was made by selecting sources in the bulge of M31 with F 475W < 24.0, F 475W − F 814W < −0.3, and no matching source in the literature. Spectroscopic follow-up of 16 of these candidates found that 7 showed emission lines indicative of PNe. A larger campaign could lead to the discovery of PNe in the inner regions of M31, where previous surveys suffered extreme crowding.
Finally, all catalogs and figures presented contain only photometric measurements with a signalto-noise ratio (SNR) greater than 4. This SNR cut, which is necessary to ensure only accurate, high-quality measurements are analyzed, resulted in the culling of 120 F275W measurements, 2 F336W measurements, 1 F814W measurement, and 29 F160W measurements.
Visual Assessment
To aid in the assessment of our automatic selection method, a visual catalog was created containing a PHAT 3-color image, PHAT optical CMD, LGS [O III] image, and LGS V-band image (Massey et al. 2006) , for each M06 PN location that PHAT overlaps. The three objects with the lowest z P N were marked in the PHAT image and CMD. A final PNe catalog was created using the one probable candidate in fields where there was only one probable candidate, and the bluest of the candidates with the three lowest z P N in the cases where there were multiple probable candidates or no probable candidates. This final catalog of 467 PNe is presented in Section 3. Figure 4 show PHAT images of likely M06 misidentifications -one marked as an H II region, the other as a stellar source. A catalog of these possible misidentifications is presented in Section 3. Of the 711 PNe in the M06 catalog that overlap the PHAT images, 152 were likely misidentified.
There were 92 cases where there were no possible PN candidates (z P N < 3) and no obvious source of misidentification in the PHAT or LGS images. The frequency of these cases is much higher for fainter M06 PNe. For M06 PNe with m5007 > 25 mag, over half were found to have no PN candidate in PHAT and no source of misidentification. The right panel of Figure 4 shows a PHAT image of an M06 PN location with no PN candidate in PHAT. These cases are left out of all catalogs and figures. Figure 5 shows histograms of m5007 magnitude for different PHAT classifications. Figure 6 shows the spatial distribution of PNe in the PHAT footprint as well as the locations of possibly misidentified M06 sources. The density of PN sources falls of radially, tracing the old stellar population. Sources tagged as extended H II regions or other non-PN stellar sources are consistently found near regions of recent and on-going star formation along the disk characterized by high UV flux. Non-PN objects were selected without prior knowledge of their location. Tables 3 & 4 list M06 PNe for which we found a possible source of misidentification. These non-PN objects are listed as either extended H II regions (Table 3) or non-PN stellar sources (Table 4) . Astrometry and photometry for stellar sources are included when available. Of these non-PN sources, our classifications for 38 sources agree with spectroscopic classification from Sanders et al. (2012) . Most of these are H II regions.
Results
Planetary Nebula Luminosity Function
The Planetary Nebula Luminosity Function (PNLF) has been proposed as a standard candle for distance measurements (Ciardullo et al. 1989 ). The PNLF is described by
where M 5007 * is the absolute magnitude bright-end cut-off. The same formula can be applied to apparent magnitude when the distances to the PNe are roughly equivalent, as is the case with M31.
The upper half of Figure 7 shows the PNLF of the PHAT PNe catalog using the M06 m5007. The PHAT m5007 PNLF matches the expected form up to ∼24th magnitude, consistent with the M06 reported completeness of 23.75. The apparent magnitude bright-end cut off of the PHAT m5007 PNLF is m5007 * = 20.20±0.03, which agrees well with the M06 value of m5007 * = 20.2±0.1 and the Ciardullo et al. (1989) value of m5007 * = 20.17.
The bottom half of Figure 7 shows the PHAT PNLF using F475W magnitudes in place of m5007. As one would expect given Figure 1 , the PHAT F475W PNLF is similar in shape to the m5007 PNLF up to ∼24th magnitude. There is a slight offset in the apparent magnitude brightend cut-off between the m5007 and F475W PNLF and the fainter portion of the F475W PNLF appears flatter. Assuming the F475W PNLF is of the same form as the m5007 PNLF, the apparent magnitude bright-end cut-off of the PHAT F475W PNLF is F 475W * = 20.69 ± 0.03. Assuming a distance modulus of (m − M ) 0 = 24.47 ± 0.07 (corresponding to a distance of 785 ± 25 kpc) (McConnachie et al. 2005) , the absolute magnitude bright-end cut off of the PHAT F475W PNLF is F 475W * = −3.78 ± 0.08.
CMD Distributions of the PHAT PNe
We now describe the distribution of PNe in PHAT CMDs; in Section 4.3 we discuss the evolution of PNe through the CMDs.
Optical
An optical CMD of PNe compared with nearby stars (Figure 8 ) confirms previous expectations that most PNe exist in a very blue portion of the CMD where not many stars are expected to be found. In general, PNe are distinctly brighter and bluer than neighboring stars (<3 ′′ ) as expected from their emission-line dominated spectrum; however, there is a population of PNe that overlap with main sequence stars in Figure 8 . PNe exist in a distinct region of the optical CMD as outlined by the parallelogram in Figure 8 , with hand-drawn boundaries −1.8 < F 475W − F 814W < 0.2 and 22 > F 814W < 27, containing 95% of our PNe sample.
UV
Over 87% of PNe in the PHAT catalog have detections in F336W and 62% have detections in both UV filters. The left side of Figure 9 shows the locations on the optical CMD of PNe with and without UV detections. UV detection is much more common among PNe that are bright in F475W, as would be expected for flux due to stellar continuum with some contribution from emission lines. UV detection is also slightly more common among bluer PNe, as the brightest PNe also tend to be the bluest. Figure 10 shows the UV CMD of the PNe with detections in both UV filters. PNe tend to be brighter and redder in the UV than other stars within 3 ′′ . However, these neighboring stars are dominated by MS stars and there is only a slight color difference between PNe and the population of hot MS stars, as would be expected from the assumption that UV flux of PNe comes from the very hot central star. The brightest PNe have well constrained colors, while the spread in color increases for fainter F275W magnitudes which tend to be the noisiest measurements in the PHAT filter set.
NIR
Over 33% of PNe in our catalog have detections in both NIR filters. Nearly all PNe with detections in the NIR also have detection in F336W, 84% of which have detections in both UV filters. Thus, any PN bright enough to be detected in the NIR is almost certainly also detected in the UV, where proportionally more of the PN's bolometric flux is emitted. The right side of Figure 9 shows the locations on the optical CMD of PNe with and without NIR detections. Similar to the UV, NIR detection is much more common among PNe that are bright in F475W. However, the optical color distribution of PNe with detections in NIR is relatively flat and distinctly different from the optical color distribution of all PNe. Figure 11 shows the NIR CMD of the PNe with detections in both NIR filters. PNe are distinctly bluer and brighter in the NIR than stars around them, which are primarily cool RGB and AGB stars. Their distinct color in the NIR is due to the few emission lines in F110W and the lack of emission lines in F160W.
There are two NIR-bright PNe in the PHAT catalog with F 110W − F 160W > 1 that are separate from the rest of the PNe population. It is likely that the PN in each case is coincident with an NIR-bright source.
PNe are indeed unique in their photometric signal across all of PHAT's six bands-particularly their optical and NIR color. However, their most distinguishing feature by far is a booming F475W signal best probed by F475W-F814W color. Like in F475W, emission lines in F110W add additional flux that give PNe distinct NIR colors. However, as seen in Figure 12 , PNe are best secluded by their optical color. Any diagnostic that used multiple bands to identify PNe would necessarily have most of its weight on F475W, as this is where the ratio of line emission to stellar continuum is largest (see Section 4.4).
Excitation Classification
Since PNe are emission line objects, we assume the majority of F475W flux is from emission lines, allowing us to estimate line flux ratios from the difference between the F475W and m5007 magnitudes. As seen in Figure 1, λ4959 ratio is nearly constant for all PNe, differences in the m5007 − F 475W color of our PNe are largely due to differences in the [O III] to Hβ ratio. This ratio is a measure of ionization in the nebula and, in general, is expected to be large when the central star is very hot.
To explore the possibility of using F 475W − m5007 as a probe of the [O III]/Hβ emission line ratio, we used data from Sanders et al. (2012) , who have published spectral line ratio measurements for several PNe in M31, 69 of which are in the PHAT catalog and have both Hβ and [O III] λ5007 measurements. Figure 13 shows the relation between F 475W − m5007 and the [O III] to Hβ ratio, F 5007 /F Hβ . The large spread of the relation is likely due to differences in the underlying stellar continuum which can significantly contribute to the total F475W flux when line emission is comparatively weak. However, a relation between the relative F 475W − m5007 and F 5007 /F Hβ exists. For low values of F 5007 /F Hβ (< 11), i.e. comparatively strong Hβ lines, the relation is quite strong, such that PNe with lower F 5007 /F Hβ values have brighter F475W magnitudes in relation to their m5007 magnitudes. At higher values of F 5007 /F Hβ , i.e. comparatively weak Hβ lines, the relation saturates as the contribution of Hβ to the total flux becomes indistinguishable from the continuum and weaker emission lines. Therefore, estimates of F 5007 /F Hβ can only be made for PNe with F 475W − m5007 < 0.2. Estimates of the F 5007 /F Hβ ratio can be made for 170 of the 467 PNe in the PHAT catalog using Equation 4. 
The ratio F 5007 /F Hβ has been used to calculate the Excitation classification (EC) of low EC PNe (EC < 5) (Dopita & Meatheringham 1990; Reid & Parker 2010) . We adopt the Ex ρ method from Reid & Parker (2010) for calculating the EC of low EC PNE as defined in Equation 5.
EC estimates for the 170 PNe with F 475W − m5007 < 0.2 are included in Table 2 with an uncertainty of σ EC = ±1. All PNe with F 475W − m5007 ≥ 0.2 are assumed to have EC > 3.8.
As excitation increases, the contributions of other emission lines such as He II become comparable with Hβ which would cause an underestimate in the PN's EC.
Discussion
Extinction
M31 is known to be a dusty galaxy (e.g. Draine et al. 2014 , Dalcanton et al. 2014 . Therefore, we need to understand how dust may be affecting our PNe photometry. To determine the degree to which the PNe sample is attenuated by extinction, we selected a subsample of PNe from "dust-free" regions as determined from the extinction maps of Dalcanton et al. 2014 (submitted) . These PNe were selected to be in regions with A V <0.5 and a low fraction of reddened stars. Their optical CMD is shown in Figure 14 , and the distribution is qualitatively equivalent to that of the full sample. Perhaps because PNe tend not to be associated with ongoing star formation or because PNe are associated with old stars (> 1 Gyr) that have migrated out of the galactic plane, our PNe photometry appears to be relatively unaffected by dust extinction.
PNLF
The consistency of the PHAT m5007 PNLF with the M06 PNLF suggests that the PHAT PNe catalog is a representative and unbiased subset of the M06 catalog. Despite the fact that the F475W bandpass covers emission lines other than [O III] λ5007 and continuum from the central star, the PHAT F475W PNLF is similar in form to the m5007 PNLF, particularly on the bright-end -aside from a slight offset. This is because the contribution by stellar continuum and weaker emission lines to the total F475W flux is less significant in brighter PNe, for which the F475W magnitude is a good indicator of m5007, making the F475W PNLF a possible proxy for the traditional m5007 PNLF for future extragalactic surveys. The flatness of the faint-end of the PHAT F475W PNLF could be due to the larger relative contribution by stellar continuum for PNe with weaker [O III] emission.
Excitation Classification and PN Evolution
Excitation classification has been found to depend on the evolutionary state of a PN, which is reflected in the central star's effective temperature, the PN's radius, and the PN's expansion velocity (Dopita et al. 1987 (Dopita et al. , 1988 Dopita & Meatheringham 1990 , 1991a Gurzadyan & Egikian 1991; Reid & Parker 2010) . Because many parameters affect the EC, the correlations between EC and physical properties of PNe have large scatter which, coupled with the large uncertainties of our own EC estimates, means we cannot reliably estimate individual parameters. However, our ability to isolate a subsample of low EC PNe allows us to place some PNe in the evolutionarily young phase with small sizes and low central star temperatures. For the remainder of this paper, we referred to PNe with EC below the upper limit of our ability to determine EC (EC < 3.8) as low EC PNe and all other PNe as medium to high EC PNe; note that the canonical definition of "low EC" includes up to an EC of 5. We do expect some cross contamination due to the large uncertainties in our F 475W − m5007 measurements such that some PNe in our sample of low EC PNe are in fact medium to high EC PNe and vice versa. In addition, some high EC PNe may be misclassified as low EC PNe due to increased contribution of He II and other weak lines in the F475W bandpass.
According to PN evolutionary tracks based on photoionization models described in Dopita & Meatheringham (1990) and Reid & Parker (2010) , all PNe, regardless of their initial mass, begin as low EC PNe. They then increase in EC as they evolve to a mass-dependent maximum EC before returning to a slightly lower EC. Only lower mass PNe (central star stellar mass 0.6M ⊙ ) are expected to return to an EC lower than 5. The majority of low EC PNe in our catalog are therefore likely to be young, but with a wide range of initial masses. Additionally, high EC PNe in our catalog are expected to cover the entire range of PNe ages except for the youngest.
Another set of PN evolutionary models useful for understanding how PNe evolve through PHAT color-magnitude and color-color diagrams are 1D radiation-hydrodynamic models that describe the evolution of PNe by modeling a circumstellar envelope along with the central star as it evolves from the AGB toward the white-dwarf cooling path (Perinotto et al. 2004 ). Studies of the emission properties of these models (e.g. Schönberner et al. 2007; Méndez et al. 2008 ) explain that in early stages of evolution, PNe increase in m5007 brightness as they increase in EC until they reach a maximum m5007 brightness. The intensity and duration of maximum m5007 brightness is mass-dependent. In general, higher mass progenitors result in brighter maximum m5007 but for shorter duration than fainter low mass progenitors. (Kwok 2000) . Maximum m5007 brightness is reached at ECs higher than the upper limit of our ability to determine EC of PNe in PHAT. Therefore, we expect the PNe in our catalog to evolve from low EC to high EC simultaneously increasing in m5007 brightness to a maximum brightness. Indeed, this is the qualitative behavior observed in Figure 15 , as described below. Figure 15 shows the locations of low EC and medium to high EC PNe on an optical CMD. We see a bifurcation of low EC and medium to high EC PNe among PNe with F475W < 23.5. This behavior would be consistent with the evolutionary transition of a high mass progenitor along, or parallel to, Side 1 (the upper boundary in the figure) as the PN's [O III] λ5007 flux reaches a maximum. The proposed transition aligns well with the PN evolutionary models described above, namely a transition from low EC to higher EC and from fainter F475W magnitudes to the brightest. Brightening in F475W along Side 1 toward the bluer portion of the CMD corresponds to evolution with a constant F814W magnitude.
PN Evolution Through CMDs
The less distinct red boundary indicated by Side 2 in Figure 15 is made up of mostly low EC PNe and overlaps main sequence stars. The overlap with the main sequence is most likely due to interstellar reddening of young PNe but could also indicate residual contamination from WR stars. The faint boundary (Side 3) and the similar boundary for field stars are products of the cuts in signal-to-noise. Figure 16 shows the locations of low EC and medium to high EC PNe on a UV CMD. The low EC PNe are systematically brighter and bluer, suggesting some transition toward redder and fainter UV magnitudes as they evolve into higher ECs. The slightly redder extant of the PN distribution compared to bright MS stars is likely due to increased contribution from nebular continuum in the F336W bandpass. Also shown in Figure 16 are two Post-AGB (P-AGB) evolutionary tracks from Vassiliadis & Wood (1993) converted to WFC3/UVIS photometry as described in Girardi et al. (2008) , shown without extinction correction. We see an increased spread of UV color at fainter F275W magnitudes, but it is hard to say for certain if the spread represents the true spread in PNe UV color, or is due to photometric uncertainty and/or interstellar reddening. Still, it is clear that reduced UV flux is a prominent difference between low EC and medium to high EC PNe on the UV CMD. Such a transition is expected from P-AGB evolutionary tracks. Figure 17 shows the CMD for F336W-F475W vs F336W. Because F336W is dominated by stellar and nebular continuum and F475W by line emission, this diagram compares emission line flux to underlying continuum. Low EC PNe appear much like hot stars, but medium to high EC PNe show up where few stars are expected to be found. The increased excitation increases flux in the emission line-dominated F475W bandpass, pulling PNe redward to a relatively unpopulated portion of the CMD. This diagnostic may be useful for future studies of PNe as it is possible to replicate through ground-based observations. Of the six PHAT filters, PNe are brightest in F336W and F475W.
In the NIR there is no separation in either color or magnitude between low EC and medium to high EC PNe. MS stars in PHAT are expected to have NIR colors redder than F 110W − F 160W = 0, with only younger MS stars (< 100 Myr) expected to have bluer colors at F 110W < ∼23. The lack of young MS stars neighboring PNe (Figure 11 ) emphasizes that PNe are not sampling regions with very recent star formation.
Spectral Energy Distributions
For PNe with detections in all six PHAT filters, converting from magnitude to total flux produces Spectral Energy Distributions (SEDs) covering 0.3 to 1.6 microns. Such SEDs will provide constraints for future models of PNe evolution. Such models will be necessary to reliably constrain extinction for these PNe. Figure 18 shows SEDs for 130 PNe with detections in all six filters.
The right column of Figure 18 shows SEDs grouped by m5007. SEDs of the brightest PNe are largely uniform while SEDs of fainter PNe show more variations. The SEDs look much like those of hot stars with the addition of a prominent peaks at 0.475 and 1.1 microns due to emission lines in the bandpasses. However, unlike hot stars, flux at 0.336 microns exceeds flux at 0.275 microns for many PNe. This could be due to the fact that 0.275 micron flux is more attenuated by extinction, combined with the larger uncertainties in 0.275 micron flux.
The left column of Figure 18 shows SEDs grouped by EC. At the lowest EC, the SEDs show little evidence of emission line flux above the blue stellar continuum. Moving through higher EC, the emission line features become much more prominent. Again, this suggests low EC PNe are largely young PNe with the lowest EC PNe being just beyond the emergence of [O III] lines, which grow stronger as PNe evolve to higher EC.
The two anomalously NIR-bright PNe also show up in the SEDs. Again, it is likely they are crowded by a NIR-bright source.
Resolved PNe and Size Estimates
PNe are commonly found to have radii on the order of 0.1 pc but have been known to have radii as large as 0.6 pc (Phillips 2003) . It might be expected that PNe with radii >0.5 pc could be resolved in PHAT considering HST's ACS camera has a plate scale of 0. ′′ 05/pixel (0.2 pc/pixel at the distance of M31) and the average full width at half max (FWHM) of PHAT's PSF is ∼2 pixels. However, as PNe evolve they both expand radially and drop in luminosity, resulting in a steep decline of surface brightness. PNe large enough to be resolved in PHAT are likely too faint to be detected in PHAT. At intermediate stages of evolution, however, some PNe may be bright enough to be detected in PHAT and large enough to be slightly resolved. Figure 19 shows the dependence of FWHM on magnitude in PHAT data. Faint sources in crowded regions suffer heavy blending that can cause the direct FWHM measurement to overestimate the true FWHM. However, the FWHM distribution of PNe is indistinguishable from that of nearby stars, suggesting that PNe are not resolved in PHAT.
In general, the PNe sample does not appear any more extended than nearby stars, however, we found one PN (M06 143) that appeared significantly larger than the surrounding stars. We show an image of this PN in Figure 20 . This PN has a FWHM of ∼4 pixels, compared to stars in the area, which have FWHMs of ∼2 pixels. After accounting for the effects of a 0. ′′ 1 FWHM point spread function, the intrinsic radius of the PN would be up to 0. ′′ 08, or 0.3−0.4 pc. The PHAT magnitudes of M06 143 are likely underestimated due to the extended nature of the PSF. This is supported by the fact that M06 143 is the faintest PN in our sample, with F 475W = 26.15, and has F 475W − m5007 = 1.4 -the largest difference of the PNe sample and more than three times the F 475W − m5007 saturation limit of the PNe sample. Though the optical color of M06 143 is consistent with PNe in PHAT, we cannot rule out the possibility it is a blended source or a non-PN source.
Finally, any M06 source that was visually resolved in PHAT was rejected as being a PN (M06 143 is the only marginally extended PN) and classified as a possible H II region. Therefore, inclusion in Table 3 serves as an updated classification of extended objects in M06, which will be more reliable than such classifications from the ground-based data.
Summary
We have identified 467 PNe in the PHAT survey photometry catalogs. The F475W broadband magnitudes show a tight correlation with the m5007 magnitudes clearly indicating the purity of our sample. These PNe are unresolved and dominated by [O III] line emission. Since the PHAT astrometric solution is precise to 0. ′′ 01, we have provided improved astrometry for all of the PNe in our sample, along with 6-band photometry from the PHAT survey.
Comparing our broadband magnitudes and M06 narrowband magnitudes to excitation classifications from optical spectroscopy in the literature shows that low excitation PNe tend to have bluer colors in F475W-m5007, suggesting that our broadband magnitudes in these cases probe the emission from the central star. These results indicate that our SEDs will be useful for constraining models of PNe and central star evolution. -The PN luminosity function of the PHAT PNe catalog using m5007 (above) and F475W (below). The solid line shows the best fit to the PNLF as described by Equation 3. Filled circles denote values brighter than the completeness limit of 24th magnitude. Open circles denote values fainter then 24th magnitude which were not used in the fit. Table 2 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
a Excitation Classification (EC ≡ 0.45 × (F 5007 /F Hβ ), for EC < 5) as estimated by log(F 5007 /F Hβ ) = 0.7835 + 0.7003 (F 475W − m5007).
b The standard score of the deviation from typical PNe identified in PHAT. See Section 2.2.2 for full derivation. Note. -M06 sources that are likely misidentified non-PN stellar sources and excluded from the PHAT PNe catalog. PHAT RA, Dec, and photometry is included when available. Table 4 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
